INTRODUCTION
Tryptophan is an essential AA for pigs. It is considered as the third or fourth limiting AA in diets for piglets after Lys, Met, and Thr. Tryptophan is required for synthesis of proteins for maintenance purposes and for body protein accretion (skeletal muscles). Moreover, Trp is a precursor for the synthesis of specific metabolically active compounds, such as serotonin and niacin (Sève, 1999; LeFloc'h and Sève, 2007) and is involved in the control of immune and inflammatory responses in pigs (Melchior et al., 2005) . To maximize pig performance, dietary Trp needs to be adequate. The Trp supply is dependent on protein level of the diet, its ingredient composition, associated intestinal AA digestibility, and its supply in free form as l-Trp.
The requirement for Trp can be expressed as a required concentration in the diet, taking into account its apparent (AID) or standardized ileal digestibility (SID), or as a proportion of the level of AID or SID Lys. The latter fits to the concept of the existence of an ideal dietary AA profile for pigs in which the requirement of essential AA is expressed relative to the requirement for Lys, the first limiting AA (Fuller et al., 1989; Chung and Baker, 1992) . Requirement studies for Trp in pigs often concern dose response experiments in which performance (ADFI, ADG, or N retention in the body) is used as response criterion. The requirement is defined as the dietary concentration of (ileal digestible) Trp resulting in a maximum performance of the pigs, assuming that no other factors have limited performance in the study. Alternatively, estimates can be derived from factorial approaches in which AA requirements are calculated from assumed requirements for maintenance purposes and for body protein accretion (NRC, 1998) . The estimates for the requirement of Trp in pigs vary between studies and could be affected by age, breed, and sex of the pigs, environmental conditions, choice of regression model for deriving the requirement value, way of expression of the requirement value (as a gross dietary content or on an AID or SID basis), and choice made concerning the experimental diet (Lys, energy, and AA concentrations). Estimates for the Trp requirement in piglets up to 25 kg of BW vary from 1.6 to 2.3 g of Trp per kg of diet (review, NRC, 1998) .
Diet composition for piglets can vary substantially around the world and is affected by availability of feed ingredients, local costs for feedstuffs, and legislation with regard to ingredient use. There is little information on the effect of diet composition on the Trp requirement in piglets. Therefore, the aim of the present study was to evaluate the requirement for Trp in postweaning piglets (BW 9 to 24 kg) using 2 diets differing in ingredient composition.
MATERIALS AND METHODS
The experiment was approved by the Animal Experimental Committee of Wageningen University and Research Centre.
Animals, Housing, and Management
In total 512 piglets [(Great York × Pietrain) × Dalland cross] were used in the study. The animals were housed in pens in groups of 8 in an artificially heated, ventilated, and lighted pig unit. Piglets were fed ad libitum using single-space dry feeders. At the start of the preexperimental period, the piglets were allocated to experimental units based on BW and sex. Body weight was used as a blocking factor (low/high). At the end of the preexperimental period and start of the experimental period (after 7 d), 1 piglet was removed from each pen in such a way that the mean BW per pen within a block was as equal as possible. In batch 1, the mean BW of the piglets per pen was 8.2 ± 0.6 kg (mean ± SD) for the block with light piglets and 10.1 ± 0.8 kg for the block with heavy piglets, whereas in batch 2 the mean BW of the piglets per pen was 8.3 ± 0.5 kg (mean ± SD) for the block with light piglets and 9.7 ± 0.7 kg for the block with heavy piglets. The experimental diets were fed during the experimental period of 28 d. Individual BW at d 0, 14, and 28 of the experimental period and feed consumption per pen over d 0 to 14 and 14 to 28 were measured. From these, ADFI, ADG, and G:F of the piglets were calculated.
Experimental Design
Eight experimental treatments were used in the study using a randomized block design. The study was performed in 2 batches, starting 6 wk apart. In each batch, 4 replicates per treatment were evaluated. Each treatment group consisted of 64 piglets during the experimental period divided over 8 pens with 8 piglets each. Four replicates consisted of females and 4 of males. The experiment consisted of a preexperimental period of 7 d and an experimental period of 28 d. Each of the 2 basal diets, calculated to be Trp deficient and differing in ingredient composition, was supplemented with 0.3, 0.6, or 0.9 g/kg of free l-Trp. For both types of diets the calculated ratio of ileal digestible Trp to ileal digestible Lys ranged from 14.0 to 23.0% (AID basis) and from 14.8 to 23.5% (SID basis). The concentrations of AID Lys, Met plus Cys, and Thr in all diets were calculated to be equal to the requirement of piglets for these AA (CVB, 1996) .
Diets and Feeding
A similar diet was fed to all piglets during the preexperimental period of 7 d. The diet (18.5% CP per kg; 2.0 g of AID Trp per kg), based on corn, wheat, barley, tapioca, soybean meal, peas and corn gluten meal as main ingredients, was formulated to be adequate in all nutrients. Two experimental basal Trp-deficient diets were composed, one based on corn and soybean meal and the second one based on wheat, barley, peas, potato protein and whey powder. The basal Trp-deficient diets (I and V) were supplemented with 0.3, 0.6, and 0.9 g of l-Trp/kg of diet (Ajinomoto Eurolysine SAS, Paris, France) to formulate diets II to IV and diets VI to VIII, respectively. The diets did not contain an antimicrobial growth promoter. The main ingredients of the experimental diets (tapioca, corn, barley, wheat, wheat middlings, peas, corn gluten meal, potato protein, soybean meal, and whey powder; Table 1 ) were analyzed for the contents of DM, CP, and AA before diet formulation. The diets were further formulated using data on the chemical composition and nutritional value of feed ingredients according to CVB (2004) . The 8 experimental treatments received the respective experimental diets I to VIII.
The basal ingredients per type of diet were mixed as 1 batch. Next, the experimental diets were prepared by adding the required amount of free l-Trp, and mixed. The diets were pelleted with addition of steam (pellet diameter 4 mm). Diets were produced by ArkervaartTwente (Nijkerk, the Netherlands). The diets were fed ad libitum. The animals had free access to water via an automatic drinking device. All experimental diets were analyzed for contents of DM, ash, and CP according to AOAC (1990) and AA using HPLC analysis. Analysis of AA in feed ingredients and diets was performed by Ajinomoto Eurolysine SAS using a JLC-500/V AminoTac AA Analyzer (Jeol, Croissy-sur-Seine, France) after hydrolysis with 6 N HCl at 110°C for 23 h under reflux. The Met and Cys contents in diets were determined after performic oxidation before hydrolysis. The Trp content in diets was determined after hydrolysis at 120°C for 16 h with barium hydroxide and separation by reverse-phase HPLC and fluorometric detection.
The basal diets were also analyzed on the contents of crude fiber (method 978.10; AOAC, 1990) , crude fat (method 920.39; AOAC, 1990) , and Ca and P (NPR 6425:1995 NL Atomic emission spectrometry-General guidelines). The analyzed nutrient composition of the diets is given in Tables 1 and 2 .
Statistical Analysis
The results for ADFI, ADG, and G:F were statistically analyzed by ANOVA [Genstat 5; Payne et al. (1993) ]. The data were analyzed using block [BW class at allocation (low/high) per batch per sex (1 to 8)] and type of diet (1 to 2) and Trp level (1 to 4) and the interaction between type of diet and Trp level as experimental factors in the statistical model. A significant interaction between type of diet and Trp level was not observed for any of the variables. An effect of a factor in the statistical evaluation was considered to be significant when the probability of having no effect was less than 5% (P < 0.05). Differences between mean values per factor were evaluated further using the LSD test (Snedecor and Cochran, 1980) . Performance data are presented as least squares mean values resulting from the ANOVA analysis.
To derive requirement values for Trp, nonlinear regression analysis was performed using REML analysis in Genstat 8.11 (Payne et al., 1993) using the d 0 to 28 data for ADFI and ADG using the following model: y = a + b(1 -e −cx ), where y is the response variable [ADFI (g), ADG (g)], a, b are parameters related to start and end of the response curve and b is the maximum response of y, c is a parameter related to curvature steepness, and x is the content of supplemented free l-Trp in the diet (g/kg). The requirement value for Trp was calculated from the content of AID Trp in the basal diet plus the value for x for which 95% of the maximum value of the response b was obtained.
RESULTS
The chemical composition of the diets (Tables 1 to  2 ) was in agreement with the calculated composition. The analyzed contents of Trp in the experimental diets (Table 2 ) also matched with the expected values.
The results of the performance of the piglets (ADFI, ADG, and G:F) over d 0 to 14, 14 to 28, and 0 to 28 are presented in Tables 3, 4 , and 5, respectively. There was During the first 2 wk of the experimental period, ADFI, ADG, and G:F were affected by diet type (greater for the wheat/barley diet compared with corn/ soybean meal diet; P = 0.018 for ADFI and P < 0.001 for ADG and G:F) and the level of Trp in the diet (P < 0.001). Average daily feed intake and ADG in this period were greater for wheat/barley treatments compared with the corn/soybean meal diet. Increasing the Trp level increased ADFI for both types of diets (P < 0.001). Gain-to-feed ratio was also greater for the pigs fed the wheat/barley diet compared with the pigs fed the corn/soybean meal diet (P < 0.001) and increased by the level of AID Trp in the diet (P < 0.001). Gainto-feed ratio was on average greater (P < 0.001) for the treatments on the wheat/barley based diet compared with the treatments on the corn/soybean meal diet. For both types of diet G:F improved with the supplementation of free l-Trp.
During the d 14 to 28 of the experimental period, results for ADFI and ADG were similar in trend com- pared with the first 2 wk of the experiment with regard to the effect of the Trp level in the diet. The ADFI and ADG increased with l-Trp supplementation for both types of diet (P < 0.001). During this period there was no effect of the type (P > 0.05) of diet (corn/soybean meal vs. wheat/barley) on ADFI and ADG. Gain-tofeed ratio did not differ (P > 0.05) between treatments during this part of the experiment. Values with a different superscript in the same column within a factor differ at P < 0.05.
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Based on 8 replicates (pens with 8 piglets) per treatment (mean initial BW 9.1 kg).
2 AID = apparent ileal digestible.
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Soybean meal.
Tryptophan in piglet diets
For the entire experimental period (0 to 28 d), ADG and G:F were greater for the pigs receiving the wheat/ barley diet compared corn/soybean meal diet (P = 0.019 for ADG and P = 0.002 for G:F) and were increased by the level of Trp in the diet (P < 0.001 for ADG and P = 0.008 for G:F). Average daily feed intake was increased by the level of Trp supplementation (P < 0.001). Increasing the Trp level increased ADFI for the corn/soybean diet up to 2.3 g/kg of AID Trp and up to 2.0 g/kg of AID Trp in the wheat/barley diet. Average daily gain was greater for the wheat/barley compared with the corn/soybean meal dietary treatments (P = 0.019; on average 551 vs. 532 g). Increasing the Trp level increased ADG in both types of diets (P < 0.001). Gain-to-feed ratio was greater for the pigs fed the wheat/barley diet compared with the pigs fed the corn/soybean meal diet (P = 0.002). For the pigs receiving the corn/soybean meal diet, G:F did not increase with Trp supplementation. For the pigs receiving the wheat/barley diet, G:F was improved (P < 0.01) for diets with 1.7 and 2.3 g/kg of AID Trp compared with the treatment fed the diet with 1.4 g/kg of AID Trp.
The nonlinear regression analysis of the ADFI and ADG data for both sexes over the entire experimental period against the level of AID Trp in the diet is given in Figures 1 and 2 . Because no clear response to lTrp supplementation on G:F was obtained, regression analysis was not applied using these data. In Table 6 parameter estimates of the nonlinear regression models as well as derived requirement values for AID and SID Trp (based on 95% of the calculated maximum response of Trp supplementation) are given. Estimated requirement values for AID Trp based on data for ADFI were numerically slightly greater for the corn/soybean diet compared with the wheat/barley-based diet in both sexes. For ADG, the estimate for the Trp requirement was the same for both types of diets and both sexes. All requirement estimates were within the range of dietary levels of AID Trp tested in the present study.
DISCUSSION
The current study was carried out to evaluate the effects of diet composition on the Trp requirement of young piglets (9 to 24 kg of BW). The diet based on corn, soybean meal, and corn gluten meal can be considered as a diet typical for North and South America. The second diet based on wheat, barley, tapioca, soybean meal, potato protein, peas, whey powder, wheat middlings, and corn gluten meal can be regarded as a diet more typical for Western Europe.
The results of the study over the whole experimental period show that at the same level of free l-Trp supplementation, ADFI and ADG were numerically greater for the wheat/barley-based diet compared with the corn/soybean meal diet, except for the performance of the groups receiving the basal diets and for the ADFI at the greatest amount of supplementation of Trp, for which the intake was almost identical. Overall, ADFI and ADG were greater for the groups fed the wheat/ barley-based diets compared with the groups receiving the corn/soybean meal dietary treatments. Also, G:F was greater for the treatments fed the wheat/barleybased diet compared with the corn/soybean meal-based diet. Because both types of diets were formulated to be nutritionally adequate for all nutrients, except for Trp, there is currently no obvious explanation for the difference in response curves between both types of diets. It might be related to differences in ingredients or combinations of ingredients used in the 2 types of diets on the palatability of the diet or due to a difference in actual AID of AA in the ingredients used in the diets compared with the tabulated values used during diet formulation (CVB, 2004) .
The relatively large response of ADFI of the piglets toward l-Trp supplementation of both Trp-deficient diets can be related to 2 factors. First, reduced serotonin concentrations in the hypothalamus of pigs were found when feeding Trp-deficient basal diets [knowing that Trp serves as a precursor of serotonin (5-hydroxytryptamine) in the brain (Henry et al., 1996) ]. Serotonin is an inhibitory neurotransmitter, synthesized in various tissues and cells, and in the brain involved in feed intake regulation (Henry et al., 1996) . Because serotonin is found in the hypothalamus, but is unable to pass the blood-brain barrier, serotonin in the brain needs to be synthesized locally from Trp as precursor. Adeola and Ball (1992) also observed an increased hypothalamic serotonin concentration with an increase in the dietary Trp concentration in pigs of about 90 kg of BW. Henry et al. (1992 Henry et al. ( , 1996 and Sève et al. (1991) reported a positive relationship between the dietary Trp content and Trp blood plasma concentration, the ratio between Trp and large neutral AA (LNAA) in blood plasma, and the concentration of brain serotonin. Second, more recently Zhang et al. (2007) showed that oral administration of increased dietary concentrations of free l-Trp increases the expression and concentration of ghrelin in the gastric fundus and plasma of weanling pigs. Ghrelin is a peptide hormone involved in the regulation of feed intake and in the signaling between the digestive system and the brain. Thus, both factors could be involved in explaining in the relationship between Trp intake and voluntary feed intake in pigs.
The results of the present study show that both basal diets were deficient in Trp (1.4 g of AID Trp per kg). Supplementation of free l-Trp to both diets resulted in an increase in ADFI and ADG, and to a lesser extent in an improvement in G:F. The supplementation of lTrp to the corn/soybean meal and the wheat/barley based diet resulted in a significant increase in performance (ADFI and ADG) up to 2.0 g of AID Trp per kg. Furthermore, Trp supplementation to a level of 2.3 g of AID Trp in the diet only tended to increase ADFI (except for male piglets fed the wheat/barley-based diet) and ADG (except for male piglets fed the wheat/ barley-based diet).
The Trp requirement estimates based on nonlinear regression analysis of the response curves for ADFI showed a requirement value of 2.3 g of AID Trp per kg of diet for the corn/soybean meal-based diet and 2.1 g of AID Trp per kg for the wheat/barley-based diet in both sexes. For ADG, the estimate for the Trp requirement was derived at 2.1 g of AID Trp per kg of diet for both diets and sexes. These requirement values fell within the range of dietary Trp levels evaluated in the present study. These values are greater than recommended by NRC (1998) for piglets of 10 to 20 kg of BW (1.6 g/kg of AID Trp for piglets) and those reported by Han et al. (1993) , 1.4 g/kg (AID) in piglets of 10 kg of BW; by Borg et al. (1987) , 1.6 g/kg (total quantity in the diet) in piglets of 6 to 10 kg of BW; and by Guzik et al. (2002) , 1.8 g/kg of SID Trp in piglets of 10 to 16 kg of BW. Eder et al. (2001) reported estimates of 1.8 to 1.9 g/kg of ileal digestible Trp in young piglets. In growing pigs from 25 to 40 kg of BW, using a Lys-limiting basal diet (0.66% AID Lys), Quant et al. (2007) found an optimal Trp-to-Lys ratio of 15.6% on an AID basis using performance data and plasma urea N as response criteria. Our results are in closer agreement with data of Jansman et al. (2000; 2.0 and 2.3 g/kg of AID Trp) and Schutte et al. (1995;  2.1 g/kg of AID Trp) in piglets in the same BW range as used in the present study. Susenbeth (2006) determined the optimal Trp-to-Lys ratio based on a review of 33 Trp requirement experiments with piglets and growing pigs and defined the requirement value as the smallest Trpto-Lys ratio (using concentrations in the diets as fed) tested within the plateau phase of the response graph using ADFI and ADG as response criteria. A mean value of 17.4% (SD 2.3%; n = 33) for the optimum Trpto-Lys ratio was reported. The author did not include data in the survey of studies in which only a linear effect of Trp supplementation on performance was observed, and no plateau value was reached. No absolute value for the dietary requirement of Trp was given, as according to the author, the variation in the Lys concentration of the experimental diets relative to the Lys requirement value was large. Although the author did not find an effect of Lys or protein content of the diet on the optimum Trp-to-Lys ratio, it can be stated that the optimum ratio between Trp and Lys could be affected by the concentration of Lys in the diet. Indeed, experiments designed to set a requirement in ratio to Lys should use diets that are second limiting in Lys (Boisen, 2003; Barea et al., 2009) or at the assumed requirement value for Lys. The concentration of Lys used in the diets of the present study (1.00% AID Lys) was assumed to be at the requirement value according to the Dutch standard (CVB, 1996) and was certainly not above the requirement for Lys according to recent findings of Kendall et al. (2008; 1.30% SID Lys) .
There is debate about the suitability of the various models for fitting the response curves in nutrient requirement studies (e.g., Fuller and Garthwaite, 1993; Robbins et al., 2006; Pesti et al., 2009) . In the present study, nonlinear regression analysis with an exponential model was used to derive a requirement value for AID Trp in both types of diets. Values for the requirement of AID Trp were calculated at 95% of the maximum response to Trp supplementation. A similar approach for estimating nutrient requirement values using doseresponse studies has been used by Mack et al. (1999) and Eder et al. (2001) . Also, linear and nonlinear broken line models have been proposed for deriving requirement values from such studies (Robbins et al., 2006) . In the latter approach, the requirement value is defined as the smallest value for the independent variable for which the maximum (plateau) value of the dependent variable is reached. It has been mentioned that linear broken-line models could be more suitable for individuals, whereas a curvilinear-plateau model might be more suitable for fitting data derived from a population of animals. In the present study an exponential model was used for deriving requirement values because of the nature of the response curve (diminishing the increment of the response with increasing Trp levels seems to follow general biological responses in groups of animals in which the relative efficiency of nutrient utilization is decreasing with increasing supply), and because of the relatively small number dietary Trp levels tested in the present study, limiting the capacity of the data to estimate a plateau value for the performance of the piglets. Although the number of treatments was limited to 4, which is small for the use of linear-plateau regression analysis (Pesti et al., 2009) , analysis of the data presented in the current study over both types of diets and sexes with a linear broken-line model, however, revealed requirement values for ADFI and ADG of 1.80 and 1.79 g of AID Trp per kg, respectively. These values are less than those derived from the use of the exponential model. Recently, Barea et al. (2009) also reported a smaller requirement value for valine in piglets when using a linear broken-line model than when using a curvilinear model for fitting the data.
Different factors can explain the variation in requirement values among studies, such as age and BW of the piglets, breed/genotype, sex, response variable used, and way of expression of results [requirement value expressed as a total (gross) concentration in the diet or as an AA content on AID or SID basis or expressed proportionally to the requirement value for Lys on an AID or SID basis]. In addition, diet (ingredient and nutrient) composition could affect requirement values for AA. Although the overall average performance of the piglets receiving the corn/soybean meal diet was less compared with the wheat/barley-based diet, only the estimated requirement for Trp based on the results for ADFI in the present study was slightly greater for the first diet. Jansman et al. (2000) reported a relationship between the ratio of Trp and LNAA and the Trp requirement. Using a diet with a large Trp:LNAA ratio [0.048 (AID basis) and 170 g of CP/kg in basal diet] the Trp requirement was estimated at 2.3 g of AID Trp per kg, whereas using a diet with a smaller Trp:LNAA ratio [0.034 (AID basis) and 200 g of CP/kg in basal diet] Trp requirement was estimated at 1.9 g of AID Trp per kg. This could suggest a metabolic interaction between Trp and LNAA affecting serotonin concentrations in the brain, which could in turn affect voluntary feed intake as also concluded by Henry et al. (1996) . In the present study, both the dietary CP content as well as the Trp:LNAA ratio was similar in both types of basal diets, so this factor did not largely affect the Trp requirement estimates in the present study.
Diet composition could affect AA requirement estimates in the case of Thr, which is relatively largely On a SID basis.
4
Recalculated from the content of AID Trp resulting in 95% of the calculated maximum response, using 0.14 g/kg as basal ileal endogenous loss for Trp (Jansman et al., 2002) .
Tryptophan in piglet diets represented in endogenous protein lost in the digestive system (Jansman et al., 2002) . In case basal diets would induce a variable loss of endogenous protein and AA, this could result in differences in AA requirement values. For Thr, for example, a relationship between its requirement value and the dietary fiber concentration could be assumed, related to the induction of greater endogenous protein losses in the gut by high fiber diets (Schulze et al., 1994) and the increase in tissue weight of the intestinal tract when feeding high fiber diets (Jørgensen et al., 1996) . In addition, greater oxidative losses of AA may be assumed to be related to the metabolic costs for the synthesis and recycling of endogenous protein (Grala et al., 1997) affecting AA availability for body protein accretion. The contribution of Trp in basal endogenous protein in pigs, however, is relatively small (Jansman et al., 2002) , suggesting that this is not an important factor in explaining the results of the present study.
Tryptophan seems to have other specific metabolic functions in dealing with stress responses (Koopmans et al., 2005 (Koopmans et al., , 2006 via the effects of Trp on brain serotonin synthesis and turnover (Le Floc'h and Sève, 2007) , which could potentially interfere with requirement estimates for this AA. Increased quantity of dietary Trp can reduce aggressive behavior and reduce physiological responses to stress. In addition, Trp has been shown to be involved in the control of immune and inflammatory responses (Le Floc'h et al., 2004; Le Floc'h and Sève, 2007) . Tryptophan is a precursor for the formation of kynurenine, the first step of a metabolic pathway for the production of xanthurenic and anthranilic acid and eventually picolinic acid and niacin. Melchior et al. (2004 Melchior et al. ( , 2005 showed that this metabolic pathway was involved in Trp metabolism disturbances associated with inflammatory responses. In their studies chronic lung inflammation in piglets reduced plasma free Trp concentrations. Dietary supplementation of free Trp increased Trp concentrations in blood of these pigs. This suggests that Trp requirement is increased under suboptimal health conditions. Also, piglets maintained in poor sanitary conditions were shown to have less plasma Trp concentrations and seem to have a greater Trp requirement (Le Floc'h et al., 2006) . The former suggests that health status of pigs could affect their requirement estimate for Trp. In the present study, however, piglets were generally in good health condition in each of the experimental groups, so this could not be considered as an important factor in relation to the estimated requirement value for Trp.
It can be concluded that supplementing low-Trp diets based on corn/soybean meal or on wheat/barley as main ingredients increased piglet performance. Based on the results for ADFI and ADG, the requirement for Trp in young male and female piglets for both diets was estimated at 2.1 g of AID Trp per kg (equivalent to 2.2 g of SID Trp per kg of diet), except for a slightly greater value for the estimated Trp requirement based on the results for ADFI in the corn/soybean meal diet (2.3 g of AID Trp per kg). The Trp requirement for young piglets seems to be greater than indicated by some commonly used recommendations and does not seem to be largely dependent on diet ingredient composition.
